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H3o6peTeHne othocwtca k cnocofjy no/i- 
yneHun 3/ieKrpoAa nnst wcno/ibsoBam/iH c 
Me/ibK3 KO/iiiMecT8eHHoro onpefle/ieHun 1,4- 
AurnflpoHMKOTMHaMMAa aflennH AKHyK/ieoTw- 
Aa (NAflH) b pacTBope. 

NAflH w ero OKMCfleHHaa Konun NAJS, s\b- 

/tfllOTCfl KO(|>aKTOpaMM BO MHOTMX KaTa/lM3M- 

pyeMwx . <{>epMeHTaMn omcnvnen bHo-Boccia- 

HOBMTe/lbHblX peaKUnjix. B HeKOTOpWX H3 HWX 

*epMeHT.aTMBHbi«cy6cTpaTOKncnfleTc« b npw- 
cyTCTBiin Ko<J>aKTopa NAfl b noAxoAfltnefi ok- 
CMA33e m/jm AernAporeHa3e ao no/iyneHWfl b 
pacTBope NAflH, b Apymx - <J>epMeHTa™ B nbiii ' 



(54) CnOCOE nPHTOTOB/IEHMR 3J1EKTP0- 
flOB A/lfl KO/IMHECTBEHHOrO 371EKTP0- 
XHMUHECKOrO OriPEflE/lEHWfl 1 .4-/114- 
ri4 < qPOHi4KOT14HAMHAA AflEHWH MA- 
HVK/IEOTMflA (NA/JH) B PACTBOPE 
(57) Mcno/ib30BaHMe: ananmmecKaa xmmha, 
aHa/iMTimecKas 6noxMMna. CymHocTb M3o6pe- 
TeHvw; KOHueHTpauwio NAflH B aHa/iKi3wpye- 
mom o6pa3ue onpeAenjjioT mbtoaom 

3/ieKTpOXMMMMeCKOrO OKMC/ieHMfl. npM4eM B 

KaMecTBe 3/ieiorpoAa ticrto/ib3yioT CB*3aHHbifi 
cmo/io* cnoto yro/ibHux v\nv\ rpatjwTOBbix nac- 
Twu, coAep*amMx TaKxce nacTnuw n/iaTUHbi 
wnw nannaw*. Ha 3/ieKTpoAe Taioxe Moryr 

6blTb MMMt>6n/lM3MpOBaHbl NAfl-3a BUCHMbie 

(J>epMeHTbi h NAfl. 4 3,n. cjwibi. 1 T a6/i.. 10 Mfl 



cy6cTpa T BoccTaHaB/iKBaeTca b npucyjcTBiiM 
KO<{)aKTopa NAflH m no/iynaiOT pacTBop NAfl. 
Bo MHorwx cnynaflx onpeAenemie KOHLjeHTpa- 
qnw NAflH mojkho wcnoflbsOBaTb kbk mhahk3- 
top KOHueHTpauwM cy6crpaTa K 3k 

CpeACTBO A"" OTCUe»MBaHMJ) 0epMeHTaTMB- 

NA/5 eaK4MM ' 8 KOTOpyK5 B0B/,eHeN NAflH (m/im 
MsBecTHo, mto Komiem-pamiro NAflH b 
pacTBope mojkho onpeAe/iMTb KO/iopuMeTpn- 
MecKM, ho KO/iopMMeTpMMecKne cnoco6bi b 06- 
uie M HeBbiroAHbi. 3HaHn T e/ibHO Bo^ee 
BwrOAHbiMM qB/mmcn 3/ieKTpoxnMHMecKwe 
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cnoco6u, ho ao cnx nop nonuf km onpeAe/imb 
NAAH aneKTpoxMMMHecKMM cnocoOoMHe ao- 
CTwra/iM ycnexa, H3BecTHO. HanpwMep, mto 
KOHueHTpauMto NAAH moxho onpeAe/iMTb 
aMnepoMetpimecKMM cnoco6oM, npw kotodom 
NAAH oKMC/iniOT Ha aneiorpoAe npn <t>MKCwpo- 
bbhhom KdHTpo/inpyeMOM noTeHMMa/ie. npw- 

M6M TOK, npOXOA«lUM« TipM flOAXOAflUlMX 

yc/iOBMBX, nponopunOHa/ien KOHueHTpatAMW 
NAAH. K coxaMe*HMK>; 3/ieKTpoxMMWMecKoe 
OKHC/ieHMe NAAH Tpe6yeT eucoicoro CBepxno- 
TeHuna/ia m NAAH o6hmho He 0KMc/weTC» He- 
nocpeACTBeHHo Ha nOaepxHoc™ a/ieKTpoAa. 
HanpMNiep, bo MHorux cnyMaax noBepxHOCTb 
aneKTpoAa 6uctpo bwxoamt M3 crpoa ms-33 
o6pa30BaHM« Ha Hea n/ieHtcii, KOTopaa OKaau- 
BaeT BnnBHwe Ha seitMMMHy w CKOpocTb a/ieicr- 
pOXMMMMeCKOPl peaKUnw (1). 

npeAnpwHMMaflocb MHOxecTBO nonuTo* 
npeoAO/ieTb aiy npo6neMy. HanpwMep, 6bw»o 
npeA"0>KeHO Mcno/ib308aTb MOAM<|>MMMpoBaH-. 
Hue 3JjeKTpoAbi. noKpbtTwe cnoeu npoBOA»- 
mvix opraHMHecKMx co/ieM. KpbNie Toro, 
npeAflara/iocb McnO/ib3oBaTb aAcop6wpoBaH- 
Hbtft peAOKC MeAMarop, Taxofl xaic Menhp,ona 
chhmm, una Toro, mto6w donee a<JxJ>eKTHBHO 
npwBflijaTb peaitMKK) OKMcneHMH k 3/iekTpoAy 

M/MJ1M CHM3HTb OKMC/lMTe/lbHUM noTeHUMa/i 

(2). B APyrwx c/iyMajix peAOKC MeAMaTOpu mc- 
no/ib30Ba/in b cbo6oahom pacTBope. Hanpw- 
Mep. MeToxcM <j>eHa3MH MeTOcy/ib<|>aT 
wcno/ib30Ba/iM c MOAM<t>MUMpOBaHHbiM nwpo- 

"■/IMTMMeCKMM rpa<|>MTOBblM STieKTpOAOM. APV 

rue 9KcnepnMeHTU npoBoAn/in c n/iaTWHOBUM. 
rpa<J)MTOBWM w CTeK/iJiHHWM yro/tbHMM aneKT- 
poAOM, OAH8KO cnoco6 6wcTporo m BOCnpow3- 
BOAMMoro onpeAeneHMn NAAH He 6«fl 
pa3pa60TaH. 

Uenb M3o6peTeHWfl - noBwuieHMe onepa- 
UMOHHOM CTa6MflbHOCTM a/ieKTpoAa. 

B cooTBeTCTBMM c HacTOHiUMM M3o6peTe- 
wneM o6Hapy*iwii, mto NAAH m NAAPH Nioryr 
6biTb OKucneHbt c xopoujmm aMnepoMeTpvme- 
ckmm otBeTOM m npw noHwxeHHOM nepeHan- 
pjixeHMM npw MCno/ib30BaHMH a/ieiapoAa ms 
aKTMBwpoBaHHoro ynw TaKoro Tuna, kotopwS* 
Mtno/ib3yeTCH b TexHO/ioniM ToruiMBHoro ane- 
weHTa vi kOtopuh BK/iiOMaeT reTeporeHHww 
CBfl3aHHwft cmo/ioB c/iofi 6/iaropoAHOro Nie- 
Ta/ina, coAepxatuwA npeAnoMTWTenbHO nan/ia- 
AMpupoBaHHbte h/im nnaTMHM3MpoBaHHbie 
(3tot TepwMH BK/iK)MaeT MaTepnaflw, coAepxa- 
mne OKCMAw n/taTMHw vilmw nannanm vuw 
o6pa30BaHHbie mmm, a TaKxe MaTepvtanu, 
BK/Hosaiomwe MeTa/iniiMecKwe nnaTMHy wnn 
nannaAurt v\m o6pa6oTaHHbie mmm) MacTtmw 
rpa<|)MTa mu yr/i», CB«3aHHwe HaTypanbHOW 
my\ CMHTeTimecKOfl cMonofi, npeAnoMTMTe/ib- 

HO CMHTeTMHeCKMM rMAPO^>o6HbIM CBH3yK>- 

muM, TaKMM k3k (t>TopoyrnepoAHafl CMona, 



Haw6onee npeAnoMTMTeneH nonnTerpa^Tops- 

TM/ieH. 

C/ieAOBaTe/ibHo, no cbomm ornmvnen\,- 

HWM CBOftCTB3M B COOTBeTCTBMM C HaCTOfllMMM 

5 M3o6peTeHneM npeAnaraeTCB cnoco6 noflyMe- 
huh aneKTpoAa A^» KO/inMecTBeHHoro a/ieKT- 
poxuMMMecKoro onpeAefleHMfl NAAH m 
NAAPH, BK/nonaioainf* MOAM<t>MKanMio a/ieKT- 
poAa M3 yrnepoAHOro MaTepwa/ia npn noMomw 

10 aACop6uMM MaTepnanOB, KOTopwe yMeHbiuaioT 
nepeHanpaxeHwe aneKTpooKuc/iMTe/ibHoC* pe- 

aKUMM. Mcn0flb3yi0T CBfl3aHHbl(il CMO/IOfl CflOfi 

MacTnu ApesecHOro yrn« vinvt rpa<J>MTHux Mac- 
tviu paaMepoM qt 5 ao 30 hm b KaneCTBe yr/ie- 

15 poAHoro MaTepna/ia, a MacTnuw n/iaTHHu m/im 
nan/iaAMfl, h/im okmc/iob n/iaTUHbi mhm nanna- 
AMfl Kon/iotiAHOro paaMepa ot 1,5 ao 2,5 hm 
ncnonbsyiOT b KawecTBe MaTepnanoa, KOTopwe 
CHuxaiOT nepeHanptweHMe 3neKTpooKVic/iw- 

20 Te/ibHO« peaKuwu. 

CBH3aHHbl& CMO/lOfll C/lOfl n/iaTMHM3MpO" 

BdHHbix mvt nannaAHM3npoBaHHbtx MacTnu 
yr/in niiw rpa<J>MTa mokct 6biTb caMocTOATe/ib- 
hum, ho Macro y Hero MMeeTcs noAioxKa, 

25 npeAnoMTMTenbHO afleKTponpoaoAHafl v> 
npeAnowTMTenbHo cno« sneKTponpoBOAHOfl 
yro/ibHoA GyMarn, c KOTopoft CBR3aHbi nnaTM* 
HM3npoBaHHbie mvi na/inaAM3npo9aHHue 
MacTwuu yrnn wm rpa(t>MTa. KaK noBepxHOdT- 

30 huA cnoR. m/im nponMTaHHan yronbHaji bo- 
/lOKHMCTaa TKaHb. HecMOTps Ha to, mto 
npeAnoMTMTe/tbHbi nnaTtiHiistipoBaHHbie mvt 
nannaAManpoBdHHbte MaTepwanu, moxho mc- 
nonb30B3Tb m 9/iexTpoAu n3 aKtuiBupoBaHHoro 

35 yr/ijj, coAepxamwe APyme 6naropoAHbie Me- 
Tanflbi, HanpwMep 3onoTOCOAepxamMe. 

TepMMHW "nnaTMHifl3Mp0BflHHbi^" \n "na/i- 

/iaAM3MpOBaHHblPi" BKniOHatOT T3KXe M OKCM- 
AW, 

40 TepMMH "aKTWBupoBaHHbifl" yronb, "aKTu- 
BMpOBaHHbIM" rpa4)MT w T.n. OTHOCHTCfl k bwco- 
KonopMCTOMy, c Ooribujofl nnomaAtio noBepx- 
hoctm yronbHOMy mum rpa<J>wTOBOMy MaTepwa- 
ny.c nnomaAbio noBepxHOCTki 50 m It mvt 60- 

45 nee.,, name 6p5biue , 200 M 2 /r, HanpwMep 
20Q-600M 2 /r mv\ 60/ibiue. MaTepnanw c 
TaKoM bonbujoft nifiomaAbio riosepxHOCTM no/i- 
yHa/iM, HanpdMep, nyreM TennoBOM o5pa6oTKM 
yro/ibHbtx nnn rpa()>MTHbtx nopoiUKOB b noTOKe 

50 C0 2 . 

KpoMe yxe nepeMwc/ieHHwx npeMMy- 
iMecTB, a nMeHHo CTa6n/ibHOCTM, BOCnpbw3BO- 
flMMocTM m KopoTKoro BpeMeHM OTBeTa, etne 
oahmm n peMMy medBOM HacToniunx MaTepna- 
55 /10B «Bn»ieTCfl to, mto mx moxho Mcnoflb30BaTb 
Ann 0TcnexMB8HMJt KOHqeHTpauMM NAAH npn 
cpaBHMTe/ibHo HM3KHX noTeHuwa/iax, HanpM- 
Niep 0-600 mB, m/jm Aaxe npM OTpMuaTe/ibHbix 
noTeHMMa^ax co CTaHAapTHbtMM Ag/Ag CI 
aneiapoAaMi/i. npoTMB 750 mB. ynoMMHaeuinx- 



c* i euuje am OTcnexMBaHUfl KOHueHTpaqiiH pen. nonii(1.3-6yTafl M eH). KpeMHufioDraHUHs- 

NAAH c McnonuowHmM creKMHHbix, yrcb- ckM Kayvyx mJle^Z KpeMHMMopraHM4e 

H™,? r f ™ UXM8OT PflflOB.3iieicTpcwu CooTHoujeHne cMsyiouiero h coAep*a- 

ZZT M3o6peTeHMf? xapaio*epii3yioTCfl mux 6/,aropo A Hb.* Mera/./, Macr^ S£ *™ 

OTHOCMTe/IbHO HM3KMM 06 P aTHblM TOKOM M n 0 - 5 rpad>MT3 MO BMV C0CT3B/lfl£>T 1^7?*™™ 

3T0MV noBuweHHO* HyBCTBMTen b HocTb k) , 3™ J£S* go-S 1!^SJ„^SSE 

3/.eKTpo A w T3K)Ke xapaKTepn3y.OTCfl Cfl a6oA rpa<? M Ta rnpSnoJ^bw 2^*«™ 

peaKUMe^anoTeHu^bHOBxoA^MeHactM- ufert h ^0^552^^^ 8^%5™^ 

Mb. T3KM6 uk mowwm KMc/ioTa, Macro n PM cyr- B8HHoro yr/ja M „ M rpai'ra H.^3e 

n„ a „ nn „ T11TA , W" 1 naflflaAMeM, M/IM MX COOTBeTCTByiOlllMMM OK- 

anexxpoAOB no H3o6peTeH M »o « B /w,ofc« Mare- ro yr*a MAM rpa<t>M T a coctbwim™ -10% i^a 

p M a„b., Koropwe mnonbsynrui xa* anexrpo- aKTHBupoBaHHoro yr/i ji m/jm rpaAMTa m cbs3v- 

KaTa/iMTMMecKne raao.Bwe A*<t><l»y3MOHHb,e 15 <ou,ero ^peAnoMn^bw eme ni£- 

3/.eKT P o A biBTon/iiiBHb.x3/ie M eHTax. Bo6uie M noMfmenbHee 4-6% a *-eme npeA 

w^w^T^!T2 n ^™Ki^^ w,, ^ tMw.cM«.«cm». 

csSHESES 

a™tS^S" W " > " n0W, °*^ Har """ Mep * »»epTHOi< cpeae "Z°S"a 

MacTMM BMecro Ko/inonflHon n/iamnbt, m ero Ae/ieHw* C0Aep*aH M « NAAH b oar™™* 
n/iaTMHM3wpoBaHHbie W ctmm U ynw B HeA P «K,T seHHoro o n pe A 6/i e h n n ko/i m He ct b a NVVflH 

ncnoflbSOBaHwe Apymx aHa/iorwMHwx Maiepw- 

a/ioa a/i« noA/ioxex, BKinoManimix no P ncTb.a ne™™***™ 

CBfl33HHb.fi CMO/roa c/io* n/.aTHHii3iipoBaH- 45 nupysar + NAilH - fle ™ flporeHa3a 
hwx, nan/,aAMM3M P 0BaHHb.x m/im coAe P *amwx / .... ^ ^J TaT + ma nu~ ~ 

Apyro« 6/iaropoAHb.ti Mera/in Macrnq rpa^ra fl ' 

H, M 3KTHBWpOBaHH0r0 yri... npMMSM KOHTpOTIMpOBaTb ary peaKUMK) MO*H0 

CBfl3UBaHM5? nflaTMHM3npoBaHHwx w/hi na/ina- 

AMM3H pOBan h m x MacTnq rpa<J)MTa m/im yr/ifl sib- a - fl-r/JK)K03a + NAflH rn 101(033 

/iflWTCH rnAP0(t>06Hue «J>TopviCTO-yr/iepoAHbie AernAporeHasa 

CMOflw, b MacTHocTM no/iHTeTpa«|,Top3T M neH. 55 — A-rn.oKOHO/.aKTOH + NAilH 

" — i rrae aa^ S S £g 555 
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win MMM0.6nnw30BaH na c/ioe nnaTMHM3Mpo- BaHHoro aKTMBMpOBaHHoro yronbHoro aneior- 

BaHHoro mv\ na;maAMi3MpoBaHHoro yro/ibHO- poAa. 

roa/ieKTpofla no HacTonmeMy M3o6peTeHMioc B c/ieAytomwx npwMepax ncnwTbiBa/in 

noMOiAbio /no6o* MSBecTHOfl MeTdAMKM BK/110- p33/iwMHbie nnaTMHMSnpoBaHHwe w/in na/i/ia- 

HeHwa <t>epMeHTa. 5 AHH3iipoBaHHbie yro/ibHue 6yMa>KHbie (PCP) 

Eu4e b oahom BapnaHTe ocyiMecTBfleHMJi a/ieicrpoAW Ha mx otbct Ha NAAH b MOAi/i<t>u- 

HacTonmee M3o6peTeHne coAep)KMT sneKTpoA mipoBaHHbix cucieMax Pshk KMC/iopoflHux 

n cnoco6, b KOTopux caM ^epMeHTHbifl 3/teKT- 3/ieKTpoAOB, K8K noK333HO Ha «J>wr. 1 , Mawfyw- 

pOA BKnK3Maer Hero/ibKO MMMo6w/iM30BaHHbi« UMpoBaHHaw Pshk cwcTeMa C0Aep>KMT 3/ie- 

<t>epMeHT, ho T3KX6 noAxoAnmwfl ko4>3ktop 10 MeHT M3 AByx MacTeflrocHOBHoro 3/teKTpoAa (1) 

SToro (JjepMeHTa, nn6o NAAH, /iw6o NAAH ksk m KO/ibmeBoro Korcyxa (2), BKniowaiomww boah* 

b ashhom c/iynae, t3kmm o6pa30M, <|>epMeHT- wyio KaMepy (3), nepe3 KOTopyw MorceT uupKy- 

Hwfi aneKTpoA o6^aAaeT cnoco6HOCTbio 3/ieK- TiwpoBaTb BO/ia fliis pery/jwpoBaHWH 

TpMHecKM pearnpOBaTb Ha aKTMBHOCTb TeMnepaTypw 3/ieMeHTa, npi/meM o6e stw Mac- 

(j>epMeHTa, mto onpeAenneTcn no M3MeHeHHio 15 tm coeAMHeHbi c noMombio HaBWHMWBaHmi xo- 

KOHueHTpamiM NAAH npu KOHTaicre c o6pa3- MyTa (4). no ueHtpy oCHOBHoro sneiapoAa (1) 

UOM, HanputMep k/imhmmsckoO m/im 6no/iorM- pacnono«eHa nnaTMHOBan KOHTataHaa khoh- 

necKOto npoBoft, coAeptfameft cootbctct- Ka (5), Ha KOTopyio noMemeH wcnuTbiBaeMbiw 

ByiomnCi cy6cTpaT Rna 4»epMeHTa, nesamcw- awck (6) yi3 6yMa«Horo aneicrpoAHoro Marepw- 

• mo ot Toro, coAep>KMT nw o6pa3eu Heo6xoAw- 20 ana m KOTOpufi yAep^naaeTCfl Ha n/iaTMHoeoM 

Mb\«i KO<t>aKTop. T3K K3K ero nocTaa/iBeT caM KOHTaKTec noMombK) pe3MHOBbix 0-o6pa3Hbix 

3/ieiapoA. NM nnn NAAH KO<J>aKTop MOweT yn/iOTHHTenew (?) w (8) bo BpeMa coeAMHeHWfl 

6biTb bk/ikohch b aneKTpOA Jito6biM noAXOAfltAMM Aeyx nacTePi 3/teMeHTa, 

cnoco60M, TaKUM K3K nponuTKa noAXOAHiAMM B sepxHefi hsctm a/ieMem-a, KOTopufi co- 

paCTBopoM NAA m/im NAAH c noc/ieAywmefl 25 Aep«MT wtnuTbrnaeMbiia coAepwamwB NAAH 

cyujKoft. pacTBop, ycTaHOB/ieH ynop {9), <J>MKCnpyeMbiw 

KaK M3BecTH0 b TexHMKe, noBepxHOCTb pery/inpyeMbiMxoMyTOM(10). Bynop bmohtm- 

3/ieiapoAHoro MaTepua/fa mojkct 6biTb m/ih He pOBan oBpaTHbift nnaTMHOSbiw snexTpOA (1 1) h 

6biTb 3aiuMtAena nopwcTOw MeM6p3H0fi. Ta«oia Ag/Ag CI sTanoHHbiCi 3/ieKTpoA (12). HcnbiTa- 

k3k no/iMKap6oHaTHaa n/ieHKa c pa3MepoM 30 hwh npoBOAfT npu nOTeHnwa/ie pa6oMero 

nop 0,03 mkm. MosKHO wcnonb30BaTb w Apyrwe 3/ieKTpoAa OTHoewTenbHo STa^OHHoro Ag/Ag 

noAxoAfiAne MaTepwanw A"fl ^^eM6paHbl. . CI 3/iexTppAa b Awana30He 100-600 mB. Apy- 

Ha <})Mr. 1 npeACTaB/ieH pa3pe3 moah^m- rue McnbiTaHMn npoBOA«T b AByxaneKTpoAHOM 

qnpoeaHHoro aneKTpoxMMMMeckOfj afleMeHTa 3/ieMeHTe. B Aeyxs/ieKTpoAHOM aneMenTe 

Rank Brothers. KOTopbi«MCnonb30BaH Ann on- 35 3/ieKTpoAHbiCi MaTepwan yAep«nsaeTcn Ha 

peAe/ieHMJi oTseTa NAAH aKTuav poBaHHOro nnarvtHOBoUt KOHTaKTHOti KHOnice Ha ochob3- 

yronbHoro 3/ieKTpoAa b cooTBeTCTBiiw c HacTO- hum 3neMeHTa c noMOiAbio nonwKap6oHaTHOi7i 

niAMM M3"o6peTeHweM. (pa3Mep nop 0,03 mkm) MeMOpaHbi, Ha koto- 

Ha <})Mr. 2 noKa3aH otbct aneKTpoAa na pyio noAaior o5pa3eu, coAepxomnii NAAH. 

noc/ieAOBaTe/ibHoe Ao6aB/ieHwe NAAH b 3/ie- 40' KonbueBO« aTa/iOHHwfi Ag/Ag CI aneicrpoA 

MeHT ripM MCnonb30B3HMH n/l3TMHW3WpOB3H- paCnO/lOJKCH BOKRyr nnaTMHOBOm KOHT3KT3 B 

Horo yro/ibHoro 6yM3XHoro 3/ieKTpOAa (PCP) ochob3hmm a/ieMe'HTa m OTAeneH ot Hero uso- 

no HacTOJimeMy M3o6peTeHwto: Ha $wr. 3 - nwpytomei?! BTy/iKOi?i. Ha sneMenT noAaraT pas- 

OTBeT 3/ieKTpoAa PCP Ha NAAH npu pa3/iwH- Hoe Hanpn>KeHMe OTHoewTenbHO 3T3TOHHoro 

hwx psBHOBeCHbix noTeHUwanax Ha Ag/Ag CI 45 3/ieicrpoAa w 3anncbiBaiOT buxoaho^ tok npu 

3/ieKTpoAe; Ha <t>nr. 4 - oTBeT aneKTpoAa Ha pasnux Hanpn>KeHMHX. 

nupOBMHOrpaAHyio Kucnory b npucyTCTBww H3o6peTeHwe wn/irocTpMpyeTcn npMMepa- 

naKTaTa Aer«AporeHa3bi (LDH); Ha 4>wr. 5 - mm, b kotopwx 3/ieKTp0AHbi« Marepna/i npeA- 

OTeeT ShexTpoAa na aueTavibAerMA b lipucyT- CTaB/ineT co6ow n/iaTMHM3MpoBaHHyio 

.CtBMM a/iKoronbAerMAPoreH33bi(AAH):H3<{)Mr. 50 yro/ibnyra 6yM3ry (PCP), pa3pa6oT3HHyK> ksk 

6 - OTBeT n/i3TMHM3npoBaHHbix yro/ibHbix 6y- ra30Bbie Aw4>(l)y3M0HHbie aneKTpOAbi. PCP 
. MaxcH wx sneKTpoAOB Ha KOHueHTpanwio 3/ieKTpoAHbiCi MaTepnan no/iyMam no MeTOAH- 

NAAH no HacTOnineMy M3o6peTeHMK>; hs <t>nr, ne, no kotopom CHsnsna n/iaTMHM3MpyioT wac- 

7 - OTBeT 3/iekTpoAa Ha nupoBMHorpaAHyro tmuw yro/ibHoro nopoujKa (Vulcan XC-72, 
Ktic/iOTy; Ha (t>nr. 8 - OTBeT aneKTpoAa Ha 55 HOMMHanbHuw pa3Mep MacTwu 30 hm) c no- 
NAAH, nonyMeHHyio Ha MecTe nyTeM 4>epMeH- Mombio OKwc/inTe/ibHofi AecTpyKunw KOMn/iex- 
TaTMBHOro OKMc/ieHMfl rnioK03bi AerwAPorena- ca cy/ibcJJWTa nnaTHHW b npucyTCTBun 
3bi: Ha c|>wr. 9 noKa3aHa ana/iornMHafl Kpwaan yro/ibHoro nopouiKa npw McnonbsoBSHwn 
Ana 3/ieKTpoAa, cOAep>Kamero okcma nnaTM- H2O2. b pe3ynbT3Te Mero KO/i/iowAHaa rmaTWHa 

. Hbi; H3 <t>wr. 10 - KpwBan una nann3AMM3Mpo- c_pa3MepoM Hacrrwu, 1,5-2,5 HMOca>KAaeTcn Ha 



noBepxHOdb MacTwu yro/ibHoro nopoujKa. 3a- 6omm«, o6paTHbil3 w 3Ta/ioHHbiH 3/ieKTpoAW - 
TeM n/iaTMHM3MpoBaHHu«yroflbHu« nopomoK K3K b npuMepe 1. PaBoMnii 3/ieKTpoA nMeeT 
pacn/iaB/inK>T w HannaB/iwoT Ha noBepxHOdb noTeHuna/i 400 mB m aaer fioctorhhu^ curHan 
rpa«J>MTM3npoBaHHO« 3/ieKTponpoBOAHOii 40 mkA Bbiuie oOpaTHoro. Uocne Ao6aB;ieHnn 
yro/ibHow 6yMarn, ncno/ib3yn 50% ot Beca 5 2 eflUHim AAH (neneHb noiuapyi) tok naflaeT c 
nnaTMHM3npoBaHHOftyroflbHo(H 6yMarHrio/tiiT- Hawa/ibHOH CKopocrbio 130 mkA/mmh ((Jwr. 5) 
eTpa<J)Top3TwneHa b KanecTBe CBwyiomero. noKa3WBafl, hto ifcepMeHTaTMBHoe npeBpame 
rio/iyMeHHbiSi n/iaTMHM3npoBaHHbiCi yro/ibHun Hue aueTa/ibflernfla b 3T8ho/i 3<}><J>eKTi/iBHO of- 
6yMa»Hbi« 3/ieKTpoflHbift MaTepna;i MMeej c/iejKMBaeTca Mepe3 nocpeflCTBO NAAH, 
TO/iiMMHy O.I7O.5 mm, a n/iaTHH H3n posaH hwi^ 10 SiieKTpoxMMMMecKM CBB3aHHoro c aneKTpo- 
cnofi 0,24 Mr; cm ... A"* McnbrraHMH (npiiMepu flOM. 

*-3)yronbHbi^ 6yMa)KHbiPl3/ieKTpOAHbi«MaTe- B c/teAyK>mnx npwMepax Mcno/ib30BaHbi 

pwa/i Hape3aiOT Ha ahckm AwaMetpoM 5 mm m nn6o Aayxa/jeKTpoAHbie, nw6o Tpexa/ieKTpoA- 
yKpennniOT Ha n/iaTMH n3npoBaH hom pa6o46M Hue 3/ieMeHTbi. Tpexa/iexTpoAHbie sneMeHTbi 
3/ieKTpOAe, noKa33HHOM Ha <t>nr. 1. B Ka)KAOM 15 npoM/i/itocTpwpoBaHbi Ha cj>nr. 1. 
c/iyMae nnomaAb anexTpoAa M3 yro/ibHofl 6y- 

Maru, conpiiKacawmancj? c o6pa3qoM, cocTaB- n p v\ m e p 4 (<J>nr. 6). AaHHwe no/ryneHbi 

flfleT0.16 cM .no/iyneHbi c/ieAyiouuie npn Mcno/ib30BaHnw AByx3/iexTpoAHO« HMefi- 
pe3y/ibTaTbi. km, no/inpwsoBaHHon npn 200 mB. Hcno/ib3y- 

n p m m e p 1. 3/ieKTpoxnMMMecKoe okmc- 20 iot 6y(j>epHi.i« pacTBOp 16 MMo/ib//i NaH2P04, 
zieHiie NAAH Ha n/ia™HM3npoBaHHofl yro/ib- 53 MMo/ib//i HaiHPOn. 52 MMO/ib//i NaCI, 1.5 
hoh 6yMare (PCP). MMo/ib//r 3Tn/ieHAnaMHH T8Tp'ayKcycHo£i kmc- 

Mcno/ib3y$i craHAapTHyra noTeHquocTa- aotu c pH 7,4. l"toc/ie AOc™*eHtifl b stom 
TMHecxyio MeTPAWcy. o6pa3uw 20 mM NAAH 6y4>epe CTa6nnbHoro o6paTHoro TOKa 6y<|>ep 
pacTBopa b Tpuc-HCI 6y4>epe c pH 9 Ao6aBM/w 25 yAa/wioT c MeM6paHbi 11 3aMeHaiOT o6pa3UOM 
a 3/ieMeHT. coAep^amna 2 m/i cMecw 0,1 M NAAH BTOM>xe6y(t>epe. a> M KcnpyioT nMKOBufi 
c()oc<t)aTa c pH 7 m 1 M KCI 6y<t>epHoro pacTBO- tok. Ha (J>wr. 6 noKa3aHbi OTBeTbi n/iaTMHM3n- 
pa. ri/iaTHHM3npoB3HHbiM yro/ibHbifi 6yMax<- poBaHHoro yro/ibHoro 6yMa>KHoro 3/ieKTpoAa 
Hbi« 3/iexTpoA (PCP) noAAepKMBaioT noA hwpMbi. KOTopwft BKmonaeT CBX3SHHbie cmo- 
. pa3Hb!Mii noTeHuna/iaMM no OTHoweHMio k 30 nob n/iaTHHW3wpoBaHHbie wacTi/iubi yr/in, Ha- 
3Ta/iCHHOMy Ag/Ag CI 3/ieKTpoAy. 06paTHwfi HeceHHbie Ha 3/ieKTponpoBOAHyio yronbHyio 
a^pKTpoA - n/iaTHHOBbiH. no/iy^eHbi ynacT- 6yMa>KHyio noA/rottKy, npuMeM CBfl3aHHbi« 
km nc* -: «JHHorc; TOKa {(J>nr. 2), nponopmio- CMonoPi n^a™HM3npoBaHHbiPl yro/ibHbifi c/io(i 
Ha/ibHwr -OHMeHTpaMMM NA^H (Ta6/iwqa m coAepxwT no Macce 50% nonnTeTpa<J>TopsTM- 
* wr - ^ 35 /ieHa, 45% yr/iATOHKoronoMO/ia (Vulcan XC72) 

n p^iwep 2.0TBeTNAAH-3/ieKTpoAHO« m5% ko/i/iohaho« n/iaTMHbi, npeABapMTe/ibHO 
CMCTeMw K-a nupoBMHorpaAHyK) Kwc/ioTy b aACop6npoBaHHo« Ha yro/ibHbiPi nopoiuoK. 
noncyTCTavin naKTaT AeruAporeHa3w (LDH) Rnx MMHHMH3auviti oBpaTHoro TOKa aflcop6n- 

!4cnofl- 3VK>T awa/iorviHHbi?! s.neMeHT, co- pyioT 5 m/un 6e/iKOBoro pacTBopa (r/iioK030- • 
Aepyamv; <2 ivA^H m 10 mM nupoBM- 40. oKCMAaaa) Ha anexTpoA b TeMeHwe hohm nepeA 
HorpaAHOii km CM', -co-' paci bop? <f>oc<t)aTa nsMepenneM NAflH, C/?eAyeT yKa3aTb Ha to, 
b •'CS 6>^pe c pri 7 =<pM TeMnepaType 25°C. hto rnioK0300KCMAa3a as/uieTCJi noAxoAaiUMM 
Pa6oMviw, t>paTHbiM n 3TanoHHu« aneKipOAbi 6e/iKOM. 

Ta^e^-e, .r3Ka npMMepe1.Pa6oMWM3/ieKTpoA n p t . m e p 5 four. 7). 3tot npHMep 

Haxo/)H,v« 'OA Hanpnx<eHMeM 400 mB m AaeT 45 M/iniocTpupyeT npuMeHMMOCTb HacTonmero 
noc-To< H.-'M-a cwrHa^ 170 mkA Bbiiue o6paTHoro M3o6peTenn« ahji M3MepeHMn ncno/ib3yk>mnx 
JO*h noc/ie Ao6as/ieHna 120 eflUHMit LDH NAflH (J>epMeHTOB, Mcno/ib3yioT TpexsfleKT- 
(ceD.tiUen«KaTMnXV)TOKyMeHbUjaeTCJicnep- poAHyw aneiiKy, cnaSiKeHHyw MamMTHOH Me- 
BOHavanbHo«cKopocfbio92MKA/MMH((J)wr.4). ujaflKofi. Pa5oHM« 3/ieKTpoA npeACTaBnaer 
3to noKa3biBaeT, mto cfcepMeHTaTWBHoe npe- 50 co6oCi n^aTHHH3npoBaHHyio yro/ibHyio 5yMa- 
BpameHwe niipyBaTa b /isktsm s^cktmbho ry, kbk b npuMepe 4, ho L-/iaKTaTAernAPoreHa- 
OTCnexnaaeTCfl c nOMombto NAflH, 3/ieKTpo- 3y (EC 1.1 .1 .27 H3 Kopoabero cepAU?) 
XMMMMecKw coeAMHeHHOro c 3/ieKTpoAOM, BHeApniOT b a^eKTpoA Hepe3 Kap6oAnnMMAHoe 

n p m m e p 3. OTBeT NAAH-3/ieKTpoAHOR coeAWHeHwe. 
cwcTeMw Ha aqeTa/ibAertiA b npncyTCTBiiw an- 55 OepBOHana/jbHO HHefixa coAepxwT 12 5 
Koro/ib AeriiAporeHa3bi (AAH) Ha PCP 3/ieKT- ' MMo/ib//i NAAH b 6y<()epHOM pacTBOpe 0,1 
p0A l Monb/n (J)OCcJ>aTa m 1 Monb/n KCI c pH 7. 

B 3/ieM6HTnoMeii4aK}T3 mM NAAH m 35 mM . no/in pusy wmuM noTeHLjwa/i cocTasnseT 
aueTaflbAerMAa b 2 m 6yc{)epHoro pacTBopa 350 mB. y C T P o«cTBo moxho ncnonbsosaTb . 
Tpuc/HCI c pH 9 npw TeMnepaType 25°C. Pa ; a™ OTcnexM B aHn« pacxoAa NAAH K or A a b 
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3/ieMeHT flo6aB/iflK)T a/wxBOTu nupoBUHor- 
paAHofi KiicnoTbi, xax noKa3atio Ha pwcyHxe. 
n p m m e p 6 ($nr. 8). FlpwMep 5 noBTopn- 

K3T, 33 MCK/HOMeHMeM TQrO, MTO MMM06wflM30- 

BaHHyio yiaKTaTflernAporeHa3y aaMeHRiOT 
rnioK030flerMflporeHa30ft (EC 1.1.1.47 M3 
Bacillus sp., nocTaB/tneMyio Sigma, 100-300 
Er/mt npoTenHa), MMMo6Miin30BaHHpW Ha 

37ieKTpOA TaXKM >Ke CnOCOOOM. B TO BpeMfl K3K 

/iaKTaTAeriiflporeHa3y wcno/ib3ytOT A"» onpe- 
AeneHVin KO/wnecTBa nupoBUHorpaAHOft kmc- 
/iotu nyTeM 0TC/ie>KMBaHMq pacxoAa NAflH 

nupyBar + NAflH ^ziaxTaT + NA/J 

r/iiOKO30AeriiAporeHa3y wcno/ib3yiQT Ann on- 
peAe/ieHMfl xonciMecTBa r/noK03w no BbipaOoT- 
Ke NA£H 

(i-fl,- (71X0X033 + NA£ rJ> 

— > - rnioxoHO/iaxTOH + NAAH. 
3/ieM6HT coAep>KMT 0,1 Mo/ib/n (J>oc<t>aTa. 
0,1 MO/ib//i KCI, 2,4 MMO/ib/fl NAfl npn pH 7. 

n p m m e p 7 (cj>nr. 9). no MeTOAwxe 
npwMepa 4 bwxoa c coAep*amero okcha 
n/iaTMHU yro/ibHoro 3/ieKTpoAa u3Mepai0T 
npw 200 mB (no OTHomenwo k aTanoHHOMy 
Ag/Ag CI anexTpoay) b AByxs/iexTpoAHOM 3/»e- 
MeHTe npw pa3/iMMHbix xoHqeHTpauwax NAAH. 
no/iyneH npaxriiMecxM /lMHefiHbifi otbst, sxbh- 
ea/ieHTHbiiii TOMy. mto nonyMatoT npui n/iaTMHM3M- 
poBaHHbix yro/ibHbix 6yMax<Hbix anexTpoAax. B 
3tom c/iyMae 3/iexTpoAHbiCi M3Tepna/i bk/ho- 
naeT enow CB«3aHHbix cMb/iofl (nonnTeTpa<t>- 
jop3TM/ie.H)yroflbHbix MacTnu, npMMeM 5% no 
Becy (ot o6mero Beca canaaHHux cmo/ioh 
MacTnu) oxcMAa nnaTMHbi npeABapMTe/ibHO 
3ACop6npOBaHO Ha MacTwuu yroribHoro no- 
powxa; cBn3y»omee 50% no secy, yro/ib 45% 
no Becy, m csnaaHHbix c noBepxHOCTbio anexT- 
ponpoBOAHOfi Toray (Toproaaa Mapxa) yro/ib- 
ho(* 6yMarn. 

n p m m e p 8 ((})nr. 10). no MeTOAuxe 
npwMepa 4 buxoa Toxa c na/i/iaAww3npoBaH- 
Horo yro/ibHoro 6yMa>KHoro 3/iexTpoAa M3Me- 
pmoT npw 200 mB (no OTHOiueHMK) Ag/Ag CI), 
wcno/ib3yn AByxanexTpoAHWft aneMeHT npw 
pa3/iwHHwx xoHueHTpauunx NA^H. B stom 
c/iywae Taxwe MMeiOT /iwHeiiHbiw otbct ((Jinr. 
10), SnexTpoAHbifi MaTepwa/i, xax onucaHO b 
npuwepe 7, wMeeT cBH3aHHwe cmo/ioFi MacTw- 
Ubi yrnn, xoTopwe BK/iioMaK)T 5% no Becy npeA- 
BapuiTenbHO aACopBwpOBaHHOfl n/iaTMHbi 
TOHXoro noMO/ia. 

B onwcaHHbix npuMepax npoAeMOHCTpw- 
poBaHO ncno/ib30BaHne anexTpoAHbix MaTe- 
pwayiOB ana npoBeAemia ObtCTporo w 
BOcnpow3BOAHMoro oKMcneHwn NA/J.H. 3tm 

OTBeTbl 3H3MHTe/lbHO OT/lWMaiOTCH OT pe3y/1b- 

raTOB, KOTopue no/iyMaxn c ApyrMMW 3/iexT- 
pOAHbiMM MaTepnanavin, xax noxaaaHO b 
cpaBHMTenbHbix npuMepax npw ncnonb30Ba- 
hum nnaTMHw, cTexnoyrnepoAa nnn rpa<{)MTO- 



Boro 3/iexTpoAHoro MaTepnana, xoTopwe (3a 
peAxxiM ncx/iK)HeHMeM) o6wmho Bnaxiie. otho- 
CMTenbHo HewyBCTBHTe/ibHwe m 3HaHMTe/ibHO c 
xyAwefl BocnpoM3BdAMMOCTbK3. npeACTaB/ifl- 

5 eTCH, MTO 3t()c|>eXTHBHOCTb MCn071b30BaHHblX 

nnaTMHM3npoBaHHbix nnn na^naAMHsnpOBaH- 
hux yro/ibHbix 3/iexTpoAOB AB/ineTCfl pe3ynb- 
T3T0M nx reTeporeHHoPi CTpyxTypu w mx 
coBMecTMMOCTM c 6nofloniMecxMMH MOflexy/ia- 
10 mm, TaxuMM xax NAflH m (^epMeHTw. Oxncne- 
Hwe NAAH Taxxe 3(|)(t)exTMBH0 npoxoAMT b 

n pMCyTCTBMM (J>epMeHTOB M Cy6CTpaTOB M MO- 

*eT 6biTb ncno/ib30BaHO b xanecTBe 6a3nca 
A^n 6wcTporo CBH33HHOro c NAAH (}>epMeHTa- 

15 TMBHOrO HCC/ieAOBaHMfl. 3<|)<j)eXTMBHOCTb mcc- 

neAOBaHMR nwpyBaTa (c ncno/ib30BaHweM 
LDH) m aueTa/ibAerwAa (c. wcno/ib30BaHneM 
AJ\H) BMAHa us npiiMepoB. ho 60/ibiuoe nwcno 
aHa/iorn4Hbix wcc/ieAOBaHuft mowho npoBe- 
20 ctm. ncno/ib3yn Apyrne (})epMeHTy 11 cy6cTpa- 

Tbl. 

ToxoBbiCi OTBeT nnaTiiHM3MpoBaHHOfi 
yro/ibHovi 6yMarn Ha xoHueHTpauwio NAf\H 
npw pa3/iiiMHbix paBHOBecHwx noTeHuwanax^ 
25 ct> o p m y a a m 3 o 6 p.e t e h m n 

1. Cnoco6 npwroTOB/ieHMn 3/iexTpoAOB 
una xo^umecTBeHHoro 3/iexTpoxMMMMecxoro 
onpeAeneHUfl 1 ,4-AnrnApoHMXOTMHaMMAa 
■3A6HMH AHHyxvieoTMAa (NA,Q,H) b pacTBope. 

30 Bxnx)MaioiAMi5i MOAM^Mxaunio anexTpOAa H3 
yr/iepOAHoro MaTepnana nyTeM aACop6unn Be- 
mecTB, cHM>xaioiAiix nepeHanpn>xeHnn b peax- 
min 3/iexTpooxMC/ieHMfl, OTnuMaioiAMR- 
c a TeM, mto, c ue/ibio nOBuiueHtin onepaqvi- 

35 ohhoCi cTaSnnbHOCTH 3/iexTpoAa, b xaiecTBe 
yr/iepOAHoro MaTepwana ncno/ib3yx)T cbh3sh- 
Hbift cmo/ioW cnof^ yro/ibHwx wm rpa<t>wTOBi>.x 
M8CTH n pa3MepoM 5~30 hm, a b xanecTBe Be- 
lAecTB, cHMJKaKDiMMx nepeH3npn>xeHMe peax- 

40 umvi anexTpooxwcneHiin. wcno/ib3yH5T nacTMUbi 
n/iaTUHbi m/ih nanA3Ann xo/inonAHoro pa3Mepa 
1,5-2,5 hm. 

2. Cnoco6 no n. 1, OT/ii/iHaroiAwflCB 
TeM, mto b xaMecTBe cmo/iu wcno/ib3yiOT no/iwT- 

45 eTpac}>Top3TH/ieH. 

3. CnocoO no n. 1, ox/iHMaiomwfiCfl 
TeM, mto CBn3aHHb!^ cmo/ioPi cno^ yronbHbix 

M/1M rpa(J)HTOBblX MaCTMU C 3ACOp6npOBaHHbl- 

mm MacTMuaMw MeTa/i/ia w/iw okmcm MeTan/ia 
50 HaHOCJiT Ha noBepxHOCTb 3nexTponpoBOA$<- 
lyero noAio*eMHoro cnon, npeACTaB/isixome- 
ro co6oi?i anexTponpoBOAHyro yr/iepoAHyio 
OyMary. 

4. CnocoB no nn. 1 m 3, 0 t n 11 m a ro iu m Ci- 
55 c n TeM, mto Ha noBepxHocTM 3/iexTpoAa mm- 

Mo6nnn3yiOT NAD-3aBMCMMbi(i <t>epMeHT. 

5. Cnoco6 non.4, OT/iMMaKJiun^cn 
TeM, mto Ha noBepxHOCTn 3/iexTpoAa Aono^HM- 
Te/ibHo MMMo6nnn3yiOT xo^axTOp NAD v\r\w 
NADH. 
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(57) Abstract 

A method is disclosed for the quantitative determination of 1,4-dihydronicotinamide adenine dinucleotide (NADH) 
in solution. The method comprises contacting the NADH-containing solution with an activated carbon electrode, main- 
taining the carbon electrode at a controlled, fixed potential effective to cause oxidation of NADH at the electrode surface, 
and measuring the current output from the carbon electrode, wherein there is used a noble metal containing preferably 
platinised or palladised activated carbon electrode comprising a porous, heterogeneous, resin-bonded layer of activated 
carbon or graphite particles comprising the finely divided noble metal preadsorbed thereon, and bonded together with a 
natural or synthetic resin binder, preferably a hydrophobic resin such as polytetrafluoroethylene. 
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AMPEROMETRIC METHOD FOR THE QUANTITATIVE 
DETERMINATION OF 1,4-DIHYDRONICOTINAMIDE ADENINE 
DINUCLEOTIDE (NADH) IN SOLUTION 

5 This invention relates to a method for the quantitative determination 

of 1,4-dihydronicotinamide adenine dinucleotide (NADH) in solution. 

NADH and its oxidised counterpart NAD are cofactors in numerous 
enzyme catalysed redox reactions. In some, an enzyme substrate is oxidised 
in the presence of cofactor NAD and a suitable oxidase or dehydrogenase to 
10 yield NADH in solution; in others an enzyme substrate is reduced in the 
presence of cofactor NADH to yield NAD in solution. In many cases, 
determination of the NADH concentration can be used as an indicator of 
substrate concentration, or as a means of following the course of an enzyme 
reaction involving NADH (or NAD). 
15 it is known that NADH concentration in solution can be measured 

colorimetrically, but colorimetric methods on the whole are disadvanta- 
geous. Much more advantageous are electrochemical methods, but attempts 
to determine NADH electrochemically have so far not met with any very 
great degree of success. It is known, for example, that NADH concentration 
20 can be determined by an amperometric assay in which NADH is oxidised at 
an electrode at a fixed, controlled, potential, the current passing under 
suitable conditions being proportional to NADH concentration. Unfortu- 
nately the electrochemical oxidation of NADH requires a high overpotential, 
and the NADH is generally not oxidised cleanly at the electrode surface; for 
example, in many cases the surface of the electrode is quickly fouled by 
formation of a surface film which affects the size and speed of the electro- 
chemical response: I. Moiroux and P.J. Elving, J. Amer. Chem. Soc. (1980) 
102 , 6533-6538, and D.G. Johnson, M.D. Ryan and G.S. Wilson, Analyt. 
Chem. (1986) 58, 42R. 

There have been many attempts to avoid these problems. For 
example, it has been proposed to use modified electrodes coated with a 
layer of conducting organic salts: J.J. Kulys, Biosensors (1986) 2, 3-13. 
Alternatively it has been proposed to use an adsorbed redox mediator such 
as Meldola's blue to couple the oxidation reaction more effectively to the 
electrode and/or to lower the oxidation potential: L. Gorton et al., J. 
Electroanalyt. Chem. (1984), 161, 103-20. In another proposal redox 
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mediators have been used in free solution. For example, methoxy phenazine 
methosulphate has been used with a modified pyrolitic graphite electrode: 
Y. Kimura and K. Nihi, Analytical Sciences (1985), 1, 271-4, Other 
experiments have been carried out with platinum, graphite and glassy carbon 
5 electrodes, but as yet no electrochemical method for the determination of 
NADH has been developed which is bath rapid and reproducible. 

In accordance with the present invention it has been discovered that 
NADH can be oxidised cleanly, with good amperometic response, both in 
buffer solutions containing NADH alone, and in solutions containing enzyme, 

10 enzyme substrate and NADH, using an activated carbon electrode of a type 
used in fuel cell technology and comprising a heterogeneous resin-bonded 
layer of noble metal, containing, preferably platinised or palladised (which 
terms as used herein include materials containing or treated with platinum 
and/or palladium oxide, as well as materials containing or treated with 

15 platinum or palladium metal) carbon or graphite particles bonded with a 
natural or synthetic resin binder, preferably a synthetic, hydrophobic binder, 
such as a fluorocarbon resin, most preferably polytetrafiuoroethylene. 
Preferably a platinised or palladised activated carbon electrode is used in 
which the carbon or graphite particles are platinised or palladised by 

20 adsorbing or depositing colloidal platinum or palladium metal, or platinum or 
palladium oxide, onto the surface of the powder particles before bonding, 
the resultant electrode comprising a heterogeneous porous activated carbon 
powder layer with colloidal platinum or palladium, or the corresponding 
oxides, distributed substantially uniformly throughout the layer. The resin- 

25 banded layer of platinised or palladised activated carbon or graphite 
particles may be self-supporting, but will usually be supported by a support 
member, preferably an electrically conductive support member, and prefer- 
ably a layer of electrically conductive carbon paper to which the platinised 
or palladised carbon or graphite particles are bonded as a surface layer, or 

30 impregnated into a carbon fibre web. Whilst the platinised and palladised 
materials are preferred, other noble metal containing activated carbon 
electrodes, e.g. gold containing electrodes, may be used. 

Herein, the terms "platinised" and "palladised* include the oxides 
unless the context requires otherwise. 

35 Also herein, the terms "activated" carbon, "activated" graphite, etc. 

refer to highly porous, high surface area carbon and graphite materials 
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having surface areas of 50 m a /g or greater, and more usually in excess of 
200 m 2 /g, e.g. from 200 to 600 m a /g or higher. Such high surface area 
materials are obtained, for example, by heat treatment of carbon or 
graphite powders in steam or CO£ to give a high surface area product 
5 generally referred to in the art as "activated carbon". 

Quite apart from the stability, reproducibility, and rapid response 
times already mentioned, a further particular advantage of the present 
materials is that they can be used to monitor NADH concentrations at 
relatively low potentials, e.g. in the range 0 to 600 mV or even at negative 
10 potentials with reference to the standard Ag/AgCl reference electrode, as 
against the 750 mV and upwards required to monitor NADH concentrations 
using glassy carbon or graphite electrodes. The present electrodes are thus 
characterised by relatively low background current, and hence improved 
sensitivity. The electrodes are also characterised by their low response to 
15 potentially interfering species, such as uric acid, frequently present in 
biological or clinical samples. 

The preferred electrode substrates used in accordance with this in- 
vention are, in fact, commercially available materials sold by the Prototech 
Company of Newton Highlands, Massachussets, and used heretofore as elec- 
20 trocatalytic gas diffusion electrodes in fuel cells. The preparation of such 
materials is described in detail in US-A-4,044,193, US-A-4,166,143, US-A- 
4,293,396 and US-A-4,478,696, to which reference should be made for full 
details. In broad detail, however, colloidal platinum with a particle size in 
the range 15 to 25 Angstroms (1.5 to 2.5 nm) is adsorbed onto the surface of 
25 powdered carbon (particle size 50 to 300 Angstroms : 5 to 30 nm), for 
example, by formation of a platinum sol in situ in the presence of powdered 
carbon which acts as a nucleating agent for the sol. The platinised carbon 
particles are then moulded onto an electrically conductive supporting 
structure, e.g. electrically conductive carbon paper, using a synthetic resin 
30 binder, preferably a fluorinated hydrocarbon resin, and especially polytetra- 
fluoroethylene. Alternatively, platinum or palladium oxide having a similar 
particle size range may be used in place of the colloidal platinum, and 
adsorbed onto the carbon or graphite particles in a similar manner. 

In an alternative, disclosed in US-A-4,293,396, the platinised carbon 
35 particles are impregnated into a preformed porous carbon cloth and bonded 
therein using the fluorocarbon resin, preferably polytetrafluoroethylene. It 
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is to be understood, however, that the present invention is not limited to the 
use of Prototech materials, but embraces other similar substrate materials 
comprising a porous resin-bonded layer of platinised or palladised, or other 
noble metal containing activated carbon or graphite particles. 
5 • Whilst the preferred resin binders used to bind the platinised or 

palladised carbon or graphite particles are hydrophobic fluorocarbon resins, 
particularly polytetrafluoroethylene, other suitable natural or synthetic 
resin binders may be used, for example polyethylmethacrylate, polyvinyl 
acetate, polyvinyl chloride, polycarbonates, poly(4-methylpentene-l) poly- 

10 isoprene, polychloroprene, poly(l,3-butadiene), silicone rubber and gelatin. 

The proportion of binder to the noble metal containing activated 
carbon or graphite particles, on a weight basis, may range from 10 to 75% 
binder and 90 to 25% activated carbon or graphite, preferably 20 to 50% 
binder and, correspondingly, 80 to 50% activated carbon or graphite. The 

15 loading of noble metal, e.g. platinum or palladium or their corresponding 
oxides, or gold, on the activated carbon or graphite particles may range 
from 1 to 10% based on the total weight of activated carbon or graphite and 
binder, preferably from 2 to 8%, most preferably from 4 to 6%. 

Instead of moulding the resin/activated platinised or palladised 

20 carbon powder directly onto the surface of a suitable support, e.g. directly 
onto the surface of electrically conductive carbon paper, the mixture of 
binder and platinised or palladised carbon powder may be suspended in a 
suitable inert medium, and applied to the surface of the substrate by a 
screen printing technique, thereby providing a thin film of resin-bonded 

25 platinised or palladised carbon particles on the surface of the substrate. 

As well as the direct quantitative measurement of NADH in solution, 
the electrodes and process of the present invention may be used in the 
quantitative determination of NADH generated or consumed in situ for 
example by the enzymatic reaction between an enzyme and its cofactor. 

30 Such reactions include for example the conversion of pyruvate to lactate by 
lactate dehydrogenase, I.e. the reaction 

pyruvate + NADH lactate dehydrogenase > ]actgtB + NAQ 

35 which reaction may be monitored by the decrease in NADH concentration; 
and the oxidation of glucose to gluconolactone by the reaction 
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3-D-glucose + NAD ^ C y ° d 8 r B ogBnaae > D-gluconolactone + NADH 

which can be monitored by the increase in NADH concentration as the 
5 reaction proceeds. To this end the activated platinised or palladised carbon 
electrodes used in accordance with this invention may have an enzyme such 
as lactate dehydrogenase or glucose dehydrogenase incorporated into or 
immobilised onto the resin-bonded carbon layer by any of the enzyme 
immobilization techniques known in the art and taught for example in EP-A- 
10 0 247 850. 

In a further modification of this concept the present invention also 
envisages a one off, disposable enzyme electrode and method in which the 
enzyme electrode itself comprises not only the immobilised enzyme, but 
also the appropriate cofactor for that enzyme, either NAD or NADH as the 
15 case may be, the enzyme electrode thus having the capability of responding 
amperometrically to the activity of the enzyme, as determined by the 
change in NADH concentration, when in contact with a sample, e.g. a 
clinical or biological sample, containing the relevant substrate for that 
enzyme, irrespective of whether that sample contains the necessary co- 
20 factor, since that is supplied by the electrode itself. The NAD or NADH 
cofactor may be incorporated into the electrode in any suitable manner such 
as impregnation with a suitable solution of either NAD or NADH and drying. 

As is also well known in the art, the surface of the electrode material 
may or may not be protected by a porous membrane, such as a polycar- 
25 bonate film having a pore size of for example about 0.03 |im. Other suitable 
membrane materials may also be used. 

The invention is further described with reference to the accom- 
panying drawings, in which: 

Figure 1 is a diagrammatic section through a modified Rank Brothers 
30 electrochemical cell used to test the NADH response of the activated 
carbon electrodes in accordance with this invention; 

Figure 2 shows the electrode response to successive additions of 
NADH to the cell using a platinised carbon paper (PCP) electrode according 
to this invention; 

35 Figure 3 shows the response of the PCP electrode to NADH at 

various poising potentials versus the Ag/AgCl reference electrode; 

Figure 4 shows the response of the electrode to pyruvic acid in the 
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presence of lactate dehydrogenase (LDH); 

Figure 5 shows the response of the electrode to acetaldehyde in the 
presence of alcohol dehydrogenase (ADH); : 

Figure 6 is another graph showing the response of platinised carbon 
5 paper electrodes to NADH concentration in accordance with this invention; 

Figure 7 shows the results of another experiment involving the 
response of the electrode to pyruvic acid; 

Figure 8 shows the response of the electrode to NADH produced in 
situ by the enzymatic oxidation of glucose using glucose dehydrogenase 
10 Figure 9 shows the similar response curve for a platinum oxide 

containing electrode; and 

Figure 10 shows the response curve for a palladised activated carbon 
electrode. 

In the following Examples, various platinised or palladised carbon 

15 paper (PCP) electrodes were tested for their response to NADH in a 
modified Rank oxygen electrode system (Rank Brothers, Bottisham, 
■Cambridge) and as shown in the accompanying drawings (Figure 1). The 
modified Rank cell system comprises a two-part ceil having a base (1) and 
an annular jacket (2) enclosing a water chamber (h), through which water 

20 may be circulated to control the temperature of the cell, the two parts 
being connected together by the captive threaded collar (3). Centrally 
located in the base (1) is a platinum contact button (d) onto which is placed 
the test disc (a) of paper electrode material and which is held in place on 
the platinum contact by rubber O-ring seals (e) and (f) when the two parts of 

25 the cell are coupled together. 

Inserted into the top of the cell, which of course will contain the test 
NADH-eontaining solution, is a stopper (4) supported by an adjustable collar 
(g) and in which are. mounted a platinum counter electrode (b) and an 
Ag/AgCl reference electrode (c). The tests were carried out with the 

30 working electrode poised at various potentials in the range 100 to 600 mV 
with reference to the Ag/AgCl electrode. Other tests were carried out in a 
two electrode cell as illustrated in Figure 16 of EP-A-0 247 850 and as 
described therein in detail. In the two electrode cell embodiment, the 
electrode material is held against a platinum contact button in the base of 

35 the cell by means of a polycarbonate (0.03 |im pore size) membrane and to 
which the NADH containing sample is applied. Surrounding the platinum 
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contact, in the base of the cell, but separated therefrom by an insulating 
sleeve is an annular Ag/AgCl reference electrode. The electrode cell is 
polarised at various potentials relative to the Ag/AgCl electrode and the 
output current monitored at various potentials. 
5 The invention is illustrated by the following Examples in which the 

electrode material is a platinised carbon paper (PCP) as supplied by the 
Prototech Company of Newton Highlands, Massachusets and developed by 
them as gas diffusion electrodes. The PCP electrode material is prepared 
according to the teachings of US-A-4,044,193 by initially platinising carbon 

10 powder particles (Vulcan XC-72), nominal particle size 30 nm) by the oxida- 
tive decomposition of a complex platinum sulfite acid in the presence of the 
carbon powder using H2O2, thereby to deposit colloidal platinum, particle 
size 1.5 to 2.5 nm, on the surface of the carbon powder particles. Following 
platinisation, the platinised carbon powder is subsequently moulded and 

15 bonded onto the surface of a commercial, graphitised electrically conduc- 
ting carbon paper using approximately 50% by weight, based on platinised 
carbon powder, of polytetrafluoroethylene as the binder. The resulting 
platinised carbon paper electrode material has a thickness in the range 0.1 
to 0.5 mm, and a platinum loading of 0.24 mg.cm' 2 . For the purpose of the 

20 following tests (Examples 1 to 3), the carbon paper electrode material was 
cut into 5 mm diameter discs and mounted on the platinised working elec- 
trode of the cell system shown in Figure 1 of the accompanying drawings. 
The actual area of the carbon paper electrode exposed to the sample in each 
case is approximately 0.16 cm 2 . 

25 The results obtained are as follows: 

EXAMPLE 1 

Electrochemical oxidation of NADH on platinised carbon paper (PCP) 

Using a standard potentiostatic technique, samples of a 20 mM NADH 

30 solution in Tris/HCl pH 9 buffer were added to the cell containing 2 ml of 
0.1 M pH 7 phosphate/1 M KC1 buffer solution. The platinised carbon paper 
electrode (PCP) was poised at various potentials with respect to the 
Ag/AgCl reference electrode. The counter electrode was platinum. Stable 
current plateaus were obtained (Figure 2) which were proportional to NADH 

35 concentration (Table 1 and Figure 3). 



Table 1 

Current response of platinised carbon paper 
to NADH at various poising potentials 



NADH Concentration/mM Current Output in uA at 

100 mV 300 mV 600 mV 
7 15 28 

13 25 53 

32 73 
38 42 113 

52 183 

60 

EXAMPLE 2 

Response of NADH-electrode system to pyruvic acid in the presence of 
lactate dehydrogenase (LDH) 

A similar cell was set up containing 12.5 mM NADH and 10 mM 
pyruvic acid in 2 ml of pH 7 phosphate/KCl buffer at 25°C. The working, 
counter and reference electrodes were as in Example 1. The working 
electrode was poised at 400 mV and gave a steady signal of 170 above 
background. On addition of 120 units of LDH (bovine heart Type XV) the 
current decreased at an initial rate of 92 nA/min (Figure 4) showing that the 
enzymatic conversion of pyruvate to lactate is efficiently monitored via the 
agency of NADH electrochemically coupled to the electrode. 

EXAMPLE 3 

Response of NADH-electrode system to acetaldehyde in the presence of 
alcohol dehydrogenase (ADH) on a PCP electrode 

The cell was set up containing 3 mM NADH and 35 mM acetaldehyde 
in 2 ml of pH 9 Tris/HCl buffer at 25°C. The working, counter and refer- 
ence electrodes were as in Example 1. The working electrode was poised at- 
400 mV and gave a steady signal of 40 jiA above background. On addition of 
2 units of ADH (equine liver) the current decreased at an initial rate of 
130 [iA/min (Figure 5) showing that the enzymatic conversion of acetalde- 
hyde to ethanol is efficiently monitored via the agency of NADH electro- 
chemically coupled to the electrode. 



0.95 
1.8 
2.7 
4.0 
6.6 
10.0 
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In the following examples either a two electrode cell or a three 
electrode cell configuration was employed. The three electrode cell was as 
herein described and illustrated in Figure 1. The two electrode cell was 
identical in construction to that shown in Figure 16 of EP-A-0 247 850 to 
5 which reference should be made for further details. 

EXAMPLE 4 (Figure 6) 
The data was compiled using the two electrode configuration polar- 
ised at 200 mV. A buffer of 16 mmol/L Nah^PCfy, 53 mmol/L Na2HP04, 

10 52 mmol/L NaCl, 1.5 mmol/L ethylenediamine tetraacetic acid, pH 7.4, was 
used. After achieving a stable background current in this buffer, the buffer 
was wiped off the membrane and replaced with samples of NADH in the 
same buffer. The peak current was recorded. Figure 6 shows the responses 
from a platinised carbon paper electrode as commercially available from the 

15 Prototech Company and comprising resin-bonded platinised carbon particles 
deposited on an electrically conductive carbon paper backing sheet, the 
resin-bonded platinised carbon layer comprising, on a weight basis, 50% 
polytetrafluoroethylene, 45% finely divided carbon (Vulcan XC72) and 5% 
colloidal platinum preadsorbed onto the carbon powder. To minimise the 

20 background current a 5 mg/ml protein solution (glucose oxidase) was ad- 
sorbed onto the electrode overnight prior to NADH measurements. It should 
be noted that the glucose oxidase is merely an example of a suitable protein. 

EXAMPLE 5 (Figure 7) 

25 This illustrates the applicability of the invention to measurement of 

the substrates of NADH-utilizing enzymes. A three electrode cell was used 
as previously described but equipped with a magnetic stirrer bar. The 
working electrode was platinised carbon paper as in Example 4, but L- 
lactate dehydrogenase (EC 1.1.1.27 from beef heart) was immobilised to the 

30 electrode via carbodiimide coupling, see EP-A-0 247 850, but using a 
1 mg/ml solution of lactate dehydrogenase (from Sigma Chemicals, type XV, 
500 units per mg protein). The cell contained 12.5 mmol/L NADH initially, 
in 0.1 mol/L phosphate/1 mol/L KC1 buffer, pH 7. The polarising potential 
was 350 mV. The apparatus could be used to monitor the consumption of 

35 NADH when aliquots pyruvic acid were added to the cell, as shown in the 
Figure. 
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EXAMPLE 6 (Figure 8) 
Example 5 was repeated except that the immobilised lactate dehy- 
drogenase was replaced by glucose dehydrogenase (EC 1.1.1.47 from Bacillus 
• spp, supplied by Sigma, 100-300 U/mg protein) immobilised onto the 
5 electrode in a similar manner. Whereas lactate dehydrogenase is used to 
measure pyruvic by monitoring NADH consumption 

pyruvate + NADH =► lactate + NAD 

10 the glucose dehydrogenase is used to measure glucose by following NADH 
production: 

3-D-glucose + NAD ; > D-gluconolactone + NADH 

15 The cell contained 0.1 mol/L phosphate/0.1 mol/L KC1/2.4 mmol/L NAD, 
pH 7. 

EXAMPLE 7 (Figure 9) 
Following the procedure outlined in Example 4, the current output of 

20 a platinum oxide containing carbon electrode is measured at 200 mV (against 
a Ag/AgCl reference electrode) in a two electrode cell at various NADH 
concentrations, and shows a substantially linear response equivalent to that 
of the platinised carbon paper electrodes. In this case the electrode 
material comprises a layer of resin-bonded (polytetrafluoroethylene) carbon 

25 particles (Vulcan XC72) having 5% by weight (based on total weight of the 
resin-bonded particles) platinum oxide preadsorbed onto the carbon powder 
particles; binder 50% by weight, carbon 45% by weight, and bonded to the 
surface of electrically conductive Toray (trade mark) carbon paper. 

30 EXAMPLE 8 (Figure 10) 

Once again, following the procedure outlined in Example 4, the 
current output of a palladised carbon paper electrode is measured at 200 mV 
(against Ag/AgCl) using the two electrode cell configuration at various 
NADH concentrations. Once again the response (Figure 10) is substantially 

35 linear. The electrode material is as described in Example 7 save that the 
resin-bonded carbon particles comprise 5% by weight preadsorbed finely 
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divided palladium. 

The above Examples demonstrate the use of the electrode materials 
to produce a rapid and reproducible oxidation of NADH. These responses 
are in marked contrast to those given by most other electrode materials, as 
demonstrated in comparable experiments using platinum, glassy carbon, or 
graphite electrode materials, which (with rare exceptions) are generally 
sluggish, relatively insensitive, and of much poorer reproducibility. The 
effectiveness of the platinised or palladised carbon electrodes we have used 
appears to be a result of their particular heterogeneous structure and its 
compatibility with biological molecules such as NADH and enzymes. The 
oxidation of NADH also proceeds efficiently in the presence of enzymes and 
substrates, and can be used as a basis for rapid NADH-coupled enzymatic 
assays. The potential for efficient assay of pyruvate (using LDH) and 
acetaldehyde (using ADH) is clear from the above Examples, but a very 
large number of similar assays are also accessible using other enzymes and 
substrates. 

Although the invention has been described herein solely with refer- 
ence to the determination of NADH in solution, phosphorylated 1,4-dihydro- 
nicotinamide adenine dinucleotide (NADPH), i.e. phosphorylated NADH, may 
be determined by exactly the same technique. Moreover, since NADPH (or 
NADP) is a cofactor in a selected group of enzyme catalysed reactions, 
rather than NADH (or NAD), the technique of this invention enables such 
reactions to be monitored in exactly the same way, i.e. by amperome'trically 
determining either the consumption or the production of NADPH in solution. 
Thus all references herein to NADH, or NAD, are to be taken to include the 
phosphorylated derivative unless the context requires otherwise. 
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12 
CLAIMS 

1. A method for the quantitative determination of 1,4-dihydronicotin- 
amide adenine dinucieotide (NADH) in solution which comprises contacting 
5 . the NADH-containing solution with an activated carbon electrode, maintain- 
ing the carbon electrode at a controlled, fixed potential effective to cause 
oxidation of NADH at the electrode surface, and measuring the current 
output from the carbon electrode, wherein there is used a noble metal 
containing activated carbon electrode comprising a porous, heterogeneous, 
10 resin-bonded layer of activated carbon or graphite particles having finely 
divided noble metal or the corresponding oxides preadsorbed onto the 
activated carbon or graphite particles, and bonded together with a natural 
or synthetic resin binder. 

15 2. A method according to claim 1, wherein said resin binder is a fluoro- 
carbon resin. 

3. A method according to claim 2, wherein said fluorocarbon resin is 
polytetrafluoroethylene. 

20 

4. A method according to any one of claims 1 to 3, wherein the resin- 
bonded noble metal containing carbon or graphite particles are formed as a 
resin-bonded surface layer on an underlying support member. 

25 5. A method according to claim 4, wherein the underlying support 
member is electrically conductive. 

6. A method according to claim 5, wherein said electrically conductive 
support member is a layer of electrically conductive carbon paper to which 
30 said noble metal containing carbon or graphite particles are bonded as a 
surface layer. 



7. A method according to any one of claims 1 to 3, wherein the resin- 
bonded noble metal containing carbon or graphite particles are impregnated 
into and supported by a carbon fibre web. 
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8. A method according to any one of claims 1 to 7, wherein said noble 
metal containing carbon or graphite particles have a particle size in the 
range 5 to 30 nm. 

5 9. A method according to any one of claims 1 to 8, wherein said carbon 
or graphite particles are pre-platinised or pre-palladised particles having 
finely divided platinum or palladium, or the corresponding oxides, preadsor- 
bed onto the graphite or carbon particles. 

10 10. A method according to claim 8, wherein there is used a platinised or 
palladised carbon electrode comprising as said pre-platinised or pre-palla- 
dised carbon or graphite particles, carbon or graphite particles having 
particles of colloidal platinum or palladium metal pre-adsorbed onto the 
surface thereof, said colloidal platinum or palladium particles having a 

15 particle size in the range 1.5 to 2.5 nm. 

11. A method according to any one of claims 1 to 8, as applied to 
monitoring the production or consumption of NADH in an enzymatic 
reaction between an enzyme and its substrate and involving either NADH or 

20 NAD as a cofactor. 

12. A method according to claim 11, wherein there is used a noble metal 
containing carbon electrode having said enzyme incorporated or immobilised 
thereon or therein, and in which the electrode is used to monitor the 

25 activity of the enzyme via the change of NADH concentration when the 
electrode is in contact with a sample containing the enzyme substrate and in 
the presence of either NAD or NADH as a cofactor involved in the reaction 
between the enzyme and its substrate. 

30 13. A method according to claim 12, wherein there is used a noble metal 
containing electrode having said enzyme incorporated or immobilised there- 
on or therein in conjunction with the NADH or NAD cofactor, as appropri- 
ate, the NADH or NAD cofactor thus being introduced into the sample via 
the electrode. 

35 

14. A one off, disposable enzyme electrode for use in the method of 
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claim 13, comprising an activated carbon electrode consisting of or compri- 
sing a porous, resin-bonded heterogeneous layer of activated carbon or 
graphite particles having a finely divided noble metal, or the corresponding 
oxide, preadsorbed onto the activated carbon or graphite particles, and 
5 bonded together with a synthetic hydrophobic resin binder, said resin-bonded 
layer having an enzyme immobilised therein or thereon in conjucntion with 
NAD or NADH as a cofactor for said enzyme, said electrode responding 
amperometrically to the activity of said enzyme, when in the presence of its 
substrate, and said NAD or NADH as the case may be. 

10 

15. A one off, disposable enzyme electrode according to claim 14, 
wherein said activated carbon electrode comprises a . porous, resin-bonded 
heterogeneous surface layer of pre-platinised or pre-palladised activated 
carbon or graphite particles bonded with a f iuorocarbon resin, and supported 

15 on an underlying support member, and having said enzyme and said cofactor 
imobilised therein or thereon. 

16. A one off disposable enzyme_ electrode according to claim 15, 
wherein the underlying support member for said resin-bonded layer of pre- 

20 platinised or pre-palladised activated carbon or graphite particles comprises 
an electrically conductive carbon paper. 
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